Abstract. We investigated whether the Silvereye, Zosterops lateralis (l&12 g) uxs heterothermy to reduce energy expenditure when confronted with adverse environmental conditions. We also determined the thermal physiology and energetics of this species. Z. later&s entered nocturnal hypothermia over a range of ambient temperatures (T,) from 3-26°C. Below the thermoneutral zone (TNZ), metabolic rate (MR) decreased by up to 50% and this reduction was more pronounced at high T, than at low T,. The reduction of MR at night was accompanied by a reduction of body temperature (Tb) from 40.3 2 0.5 to 36.9 ? O.l"C, a decrease in the difference between T, and T, and a reduction in thermal conductance. Within the TNZ, basal metabolic rate (BMR) was 2.43 t 0.41 mL 0, gg' hh' , while the corresponding day RMR was significantly elevated at 3.26 2 0.42 mL 0, g-' hh' . The ability of Silvereyes to reduce daily energy expenditure by employing nocturnal hypothermia may be one reason why this species and its relatives are able to occupy a wide variety of habitats and climates.
INTRODUCTION
Therefore, we investigated various aspects of energetics and thermoregulation of an Australian passerine, the Silvereye (Zosterops luteralis). We determined whether this species is heterothermic, and if so, which pattern of heterothermy it uses. The Australian Silvereye population resides in eastern and southern Australia, from Tasmania, north to Cape York, and west to Perth and north to Carnarvon, Western Australia (MacDonald 1973). Although a resident of Australia, the Silvereye belongs to the passerine adaptive radiation of the northern hemisphere (Sibley and Ahlquist 1985) . Silvereyes are arboreal and are common in many types of habitats (Kikkawa 1985) . Their diet mainly consists of nectar and insects, but may be supplemented with fruit (MacDonald 1973 , Kikkawa 1985 . They are relatively small, weighing 10-12 g (MacDonald 1973).
MATERIAL AND METHODS
In June (winter) 1995, nine Silvereyes were captured with mist nets near Armidale, NSW (30"35' S, 151"44' E). Shortly after capture, birds were weighed to the nearest 0.1 g and identification leg bands weighing 0.03 g were fitted. They were housed in 70 X 40 X 40 cm cages within a large outdoor aviary where they were exposed to natural photoperiod and temperature fluctuations. Each cage housed two or three birds and was cleaned twice weekly. Water for drinking and bathing, and food were available in excess. Their diet of artificial nectar and insect replacements, apple and Tenebrio larvae was supplied fresh daily. MR was measured as the rate of oxygen consumption using open flow respirometry. The birds were individually placed in a 1-L respirometry chamber fitted with a perch, which was positioned within a temperature-controlled cabinet (5 0.5"C) so that the birds could be observed, but were unable to see the observer or the other birds. Sufficient space was available for the birds to change position within the respirometry chamber, although flight was not possible. Birds were weighed before and after each testing period and a constant rate of mass loss was assumed for calculation of mass-specific MR. All individuals survived and were determined to be healthy at the termination of the experimental period. Food and water were not available during MR measurements and the birds were post-absorptive.
Air flow rate through the chambers was approximately 300 mL min-' and was measured with a mass flowmeter (FMA 5606, Omega Engineering Inc.). Oxygen content of the dried expired air was measured using a single channel oxygen analyzer (Ametek Applied Electrochemistry Oxygen Analyzer S-3A/l). Solenoid valves switched channels in 3-min intervals, which permitted the measurement of up to three animals and a reference in succession; each channel was measured once every 12 min.
T, was measured using temperature-sensitive transmitters (Minimitter model X-M in a modified, smaller capsule), which were calibrated to the nearest O.l"C against a precision mercury thermometer in a water bath. The wax-coated transmitters weighed 1.1-1.3 g and were implanted intraperitoneally while birds were under isoflurane anesthesia. After surgical implantation, the birds were allowed a minimum of seven days to recover before any experiments were performed. Measurements of T, were taken simultaneously with those of MR. A ferrite rod antenna was taped to the outside of the respirometry chamber, and the signal was received by a car radio.
T, also was measured simultaneously to the nearest O.l"C with a thermocouple inserted 1 cm into the respirometry chamber. Thermocouple output was amplified by a digital thermometer (Omega DP116). The analog outputs from the flowmeter, oxygen analyzer, car radio, and digital thermometer were interfaced via a 14 bit A/D card to an IBM compatible computer.
Measurements of oxygen consumption were used to determine BMR and resting metabolic rate (RMR). These were calculated as the mean of the three lowest consecutive readings at each T,. The means of the corresponding readings of T, and T, also were calculated. RMRs were determined over a range of T, from 3 to 26°C which is similar to the T, Silvereyes experience in Armidale throughout the year. Each individual was tested at approximately 5, 1.5 and 25°C. The birds were kept in the respirometry chamber at a constant T, for periods of 1618 hours (about 15:00-09:00). The photoperiod within the cabinet was adjusted with a timer to coincide with the natural photoperiod (approx. Lll:D13).
BMR measurements were carried out separately. The animals were placed in respiratory chambers for a maximum of 8 hours during the night, and measured at T, ranging from 25 to 39°C to determine the thermoneutral zone (TNZ). The T, was progressively increased in steps of 2°C every hour. The corresponding MRs within the TNZ during the day were determined in the same manner as BMR.
Apparent thermal conductance was calculated using the equation (Schmidt-Nielsen 1990):
Conductance = MR/(T, -T,)
All numerical values are expressed as means *SD of the number (n) of individuals measured. Sample variances were tested for homogeneity using F,,,-test (Zar 1984) . Paired observations underwent a paired or pooled form of Student' s t-test (Zar 1984) . Multiple observations were compared using a one-way analysis of variance (ANOVA).
Straight lines were fitted using least squares regression analysis, slopes and elevations were compared using an analysis of covariance (Zar 1984) . Differences were considered significant at P < 0.05.
RESULTS
Silvereyes exhibited distinct daily fluctuations in MR, T, and conductance (Fig. 1) . When placed in the chamber in the afternoon, birds usually showed brief periods of activity characterized by high MR, T, and conductance. This was followed by a period of rest characterized by a low RMR and lower T, and conductance. After the lights were switched off, MR, T, and conductance decreased rapidly within about 20 min, and then marginally increased throughout the night. When the lights were switched on in the morning, a rapid increase in MR, T, and conductance was recorded. The MR and conductance in the morning were generally higher than afternoon measurements and associated with activity.
Fluctuations of MR were observed at all T, between night and day (Fig. 2) . Within the TNZ, the MR also differed between night and day. The BMR (night) was 2.43 ? 0.41 mL 0, g-' hh' , and birds had a mass of 11.78 ? 1.54 g (n = 9), while the corresponding day RMR was significantly elevated at 3.26 2 0.42 mL 0, g-' hh' (P < O.OOl), and mean mass was 11.07 -+ 1.72 g (n = 7).
While the daily patterns of MR fluctuations at different T, were similar, the level of MR was significantly dependent on T, (Fig. 2) TNZ, the highest RMR (8.70 mL 0, g--' hK' ) recorded was during the day at 7.8"C and the lowest RMR (2.41 mL 0, g.' h-l) recorded was during the night at 25.2"C. Similar to MR, T, differed between night and day ( Figs. 1 and 3) . Below the TNZ, there was a significant decrease from day to night (P < O.OOl), independent of T, (P = 0.56, day; P = 0.53, night) (Fig. 3) . During the day, mean T, was 40.3 C O.S' C (n = 5) decreasing at night, on average by 3.4"C to 36.9 + O.l"C (n = 5). The lowest T, measured for an individual was 35.2"C at a T, of 7.3"C. The T, within and below the TNZ were similar during the day (P = 0.53), but during the night T, increased somewhat within the TNZ in comparison to values below the TNZ (P = 0.004). Nevertheless, the T, difference from day to night was significant both within (P = 0.001) and below (P < 0.001) the TNZ.
Thermal conductance also was strongly affected by T, and differed between night and day (Figs. 1 and 4) . The minimum conduc- tance below the TNZ during the day was 0.31 k 0.04 mL 0, g-' h-' "C-' (n = 5) and at night decreased by about 50% to 0.20 k 0.02 mL 0, g-' h-' ' CP' (Fig. 4) . During the night, conductance was dependent on T, (Conductance = 0.17 + (0.002 X T,), r2 = 0.72, P < 0.001) but during the day, although a similar trend occurred, the regression was not significant (P = 0.06). Within the TNZ, the conductance values were greater than those below the TNZ (P = 0.002 day; P < 0.001 night), and they were independent of T, (P = 0.18 day; P = 0.14 night). Also, within the TNZ, the day and night values of conductance were not significantly different (P = 0.19). et al. 1995). These species, however, were all measured over a wider T, range, and were subjected to much colder T, (< -25°C) than were the birds in our study. They also would be naturally acclimatized to colder temperatures, as they inhabit areas which experience T, well below zero during winter. It is interesting, in this respect then, that Silvereyes should display the same pattern of nocturnal hypothermia although they do not experience extremely cold temperatures. During winter in Armidale the average daily minimum and maximum T, are 0 and 12.7"C, respectively. Nevertheless, the weather is unpredictable and adverse conditions presumably reduce foraging time and food supply making birds energetically stressed. In addition, their small size, limited capacity to store fat, and high rate of metabolism make Silvereyes susceptible to the effects of cold T, and resource depletion. Hence, Silvereyes might experience difficulties meeting their daily energy requirements if they did not resort to nocturnal hypothermia. The pattern of nocturnal hypothermia seen in Silvereyes differs, however, from that observed in such species as hummingbirds The reduction of MR during nocturnal hypothermia we observed is likely due to several factors. At night, Silvereyes decreased T, by, on average, 3.4"C irrespective of T,. A lower T, should slow biochemical reactions and reduce energy metabolism, and reduce the thermal gradient between the body and the environment (AT), which reduces heat loss and thus permits a reduced heat production. This is in contrast to daily torpor at a T, above the set point for T,, where AT does not affect the MR during torpor (Song et al. 1995) . However, below the set point for T, when the torpid animal is thermoregulating, the AT and MR are related (Song et al. 1995) , similar to our observations in Z. laterulis (Fig. 5) . Therefore, nocturnal hypothermia resembles daily torpor below the set point for T, where animals start to thermoregulate although at a much higher T,.
DISCUSSION
The decrease in T, is equivalent to an increase in T, as it causes the same effect on AT. In' Silvereyes, the 3.4"C decrease in AT accounts for only l/3 to l/4 of the diurnal change in MR (Fig. 5) . For AT to explain the entire MR decrease, there would have to be a more significant decrease, of about 12 to 14°C. In addition to AT, a reduction of conductance facilitates the nocturnal reduction of MR. Silvereyes, like other bird species (Aschoff 1981), are able to significantly decrease conductance at night, thus reducing energy expenditure for thermoregulation. A reduction in conductance decreases the heat loss from the body to the environment, and thereby reduces the amount of internal heat production required to maintain a stable T,. In Silvereyes, conductance below the TNZ was positively correlated with T,. This permitted them to maintain a relatively high T,, and although the MR did increase linearly with decreasing T,, a steeper increase would be required if conductance was not significantly reduced.
Silvereyes exhibited nocturnal hypothermia over the range of T, measured (3 to 26°C). However, T, reduction was independent of T, (P = 0.56, day; P = 0.53, night). Our findings that T, during nocturnal hypothermia was independent of T, are similar to the results recorded for some avian species (Steen 1958 In conclusion, we demonstrated that Silvereyes reduce energy expenditures by using nocturnal hypothermia on a regular basis. This presumably increases their ability to balance energy expenditure with the available food resources, enabling them to be more tolerant of adverse environmental conditions and abrupt changes in food availability. 
